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ABSTRACT

The use of population genetic variability in present-day selection schemes can be improved to reduce
inbreeding rate and inbreeding depression without impairing genetic progress. We performed an experi-
ment with Drosophila melanogaster to test mate selection, an optimizing method that uses linear programming
to maximize the selection differential applied while at the same time respecting a restriction on the
increase in inbreeding expected in the next generation. Previous studies about mate selection used
computer simulation on simple additive genetic models, and no experiment with a real character in a
real population had been carried out. After six selection generations, the optimized lines showed an
increase in cumulated phenotypic selection differential of 10.76%, and at the same time, a reduction of
19.91 and 60.47% in inbreeding coefficient mean and variance, respectively. The increased selection
pressure would bring greater selection response, and in fact, the observed change in the selected trait
was on average 31.03% greater in the optimized lines. These improvements in the selection scheme were
not made at the expense of the long-term expectations of genetic variability in the population, as these
expectations were very similar for both mate selection and conventionally selected lines in our experiment.

RTIFICIAL selection brings genetic progress, but
also increases the rate of inbreeding (Lush 1946;
Robertson 1961), which results in inbreeding depres-
sion of the selected trait itself and fitness components
such as fecundity and viability (Falconer and Mackay
1996). The problem has become more serious in pres-
ent-day animal and tree breeding, in which short-term
selection responses are maximized by the use of the
animal model best linear unbiased predictor (BLUP)
genetic evaluations. There is a consensus that BLUP is
the best available method for genetic evaluation, as it
increases the accuracy of selection by using all the avail-
able information from relatives in the evaluation of the
selection candidates. However, the naive use of BLUP
evaluation may also increase the inbreeding rate and
the loss of genetic variability, because related individuals
tend to be selected together, as they share most of their
familial information (Belonsky and Kennedy 1988;
Toroetal. 1988a). In fact, in small populations, the use
of less family information may provide more response in
the mid and longterm (Perez-Enciso and Toro 1992;
Grundy et al. 1994). Other recent developments, such
as the use of multiple ovulation and embryo transfer to
increase female family size in cattle and the use of only
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ancestor’s information in genetic evaluations to shorten
the generation intervals (Nicholas and Smith 1983)
tend also to speed the loss of genetic variability in se-
lected populations.

In recent years, a considerable amount of work has
been done on the design of strategies to optimize the
use of genetic variability in artificial selection (reviewed
in Toro and Perez-Enciso 1990). Most of these strate-
gies try to maximize the selection response while at the
same time imposing some restriction on the resulting
loss of genetic variability in the population. This loss
can be measured not only by the inbreeding coefficient,
but also by the average coancestry coefficient, the
founder equivalents, and the founder genome equiva-
lents (see the review by Ballou and Lacy 1995). These
strategies can be classified into three groups: (1) those
manipulating the number of selected individuals (Vil-
lanueva et al. 1996) or their contribution to the next
generation (Toro and Nieto 1984; Nieto et al. 1986;
Wray and Goddard 1994; Meuwissen 1997); (2) those
using a suboptimal selection criterion, giving less weight
to family information (see Villanueva and Wool liams
1997 for the latest developments of this idea); and (3)
those using a nonrandom mating system, such as mini-
mum coancestry, factorial, or compensatory mating (see
review by Caballero et al. 1996).

The mate selection method proposed by Toro and
Perez-Enciso (1990) may include most of the desirable
properties of the above methods. It consists of selecting,
from the series of all possible mating sets between the
selection candidates, that set maximizing the expected
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response in the next generation, under the restriction
that the resulting inbreeding does not exceed a chosen
limit. Two mating sets can be different because of the
number of parents, the distribution of the contribution
in descendants of these parents, or the actual matings
between them. By choosing an optimum mating set, the
method erases the distinction between selection and
mating, as both kinds of decisions are taken simultane-
ously. The joint control of selection and mating could
enable a noticeable short-term optimization of artificial
selection schemes (Toro and Perez-Enciso 1990; Toro
et al. 1991; Klieve et al. 1994; Nomura and Yonezawa
1994).

Mate selection and all the other optimization meth-
ods described above, with the exception of Nieto et al.
(1986), have been tested to date only in computer simu-
lation studies that were based on very simple infinitesi-
mal, additive genetic models, which do not take proper
account of inbreeding depression (Quinton et al. 1992).
As this inbreeding depression is a manifestation of inter-
actions such as dominance and epistasis, models that
include only additive effects and covariates for inbreed-
ing are rough approximations (Smith and Maki-Tan-
ila 1990), and the computer simulation studies based
on them cannot provide a final test of the performance
of any new mating or selection scheme. An empirical
assay with a real trait in a real population is needed to
prove its usefulness.

In this work, we tested Toro and Perez-Enciso’s
(1990) mate selection method by applying it to a labora-
tory population of Drosophila melanogaster, and by mea-
suring the selection pressure, the inbreeding depres-
sion, and the changes in genetic variability obtained.

MATERIALS AND METHODS

Selection lines were developed from a D. melanogaster labora-
tory population taken from the wild in Santiago de Compost-
ela in 1992 and kept since then at 25° in a culture medium
made up of 250 g whole corn flour, 180 g live baker’s yeast,
18 g agar, 3 g CINa, 3 g Nipagin, 33.3 ml ethanol, and 9.4 ml
propionic acid in 2.2 liters water. The same conditions were
used in this experiment. Every female in the selection lines
laid eggs in a 23.7-cm® plastic vial.

The experiment had three nonsimultaneous replicates.
Each one was started with 64 virgin pairs sampled from the
base population. Two sets of four males and four females were
taken from the progeny of every pair, and each set was used
to start one selection line. The mate selection method was
applied in one of them (OPT line), and a standard selection
plan was applied in the other (REF line). We made six genera-
tions of selection in each line. The selected trait was pupa
length, measured in arbitrary micrometer length units (mlu)
by means of a micrometer introduced in one of the oculars
of a binocular microscope. The females’ fecundity was also
measured, as the number of eggs laid by every selected female
in its culture vial after 24 hr in replicates 1 and 2. In replicate
3, every selected female laid eggs on a black plastic rectangle
that was covered on one of its sides by a layer of medium and
introduced into the vial. After 48 hr, the eggs were counted
and the layer of medium was divided in two pieces containing

similar numbers of eggs, and each one was introduced in a
different vial already containing 3 ml culture medium. Having
two different vial effects for every female, we intended to
measure better the variation between vials. The selection pro-
cedures used in each line were as follows:

REF selection line: The 256 (64 X 4) male and 256 female
pupae assigned to this line were measured, and the longest
8 males and 64 females were selected. Each selected male was
mated to a random sample of 8 selected females. The mating
took place in two steps, each step comprising 4 adult females
introduced into the male’s vial for 24 hr. They were kept
identified by clipping different combinations of their two pos-
terior scutellar bristles. We measured 4 males and 4 females
from every female’s progeny and used these measures, along
with all their ancestors’ information, to obtain their BLUP
genetic evaluations. Using this as a criterion, 8 males and 64
females were selected and the next generation established.
The same procedure was followed for the remaining selection
generations.

OPT selection line: In the same way as in the REF line, 4
males and 4 females from the progeny of 64 females were
measured in every generation, but the selection procedure
was different. In this line, we searched for the set of matings
between the selection candidates that maximized the expected
selection response in the following generation, under a restric-
tion on the inbreeding increase. The allocation of matings
can be treated as a linear programming problem (Jansen and
Wilton 1985; Kinghorn 1987) by using an X matrix, where
xi {i = 1, 256, j = 1, 256} is a decision variable indicating
whether male i and female j are (x; = 1) or are not (x; = 0)
to be mated. Following the mate selection method, we tried
to find, among all possible X mating matrices, the maximizing
objective function,

that is, the expected genetic gain in the next generation, in
which §; and &; are the BLUPs for the breeding values of male
i and female j. In this experiment, to save computational
resources, we did not apply the method to the whole array of
256 X 256 possible matings, but made a preselection of the
32 males and 64 females having the highest genetic evaluation

and selected a set of matings between them. The objective
function was subjected to the following restrictions:

2. Zx; = 0 or 1 (for every j)
3. Xx; = 12 (for every i)
4. TXx; f/64 < (F + dF),

where F and f; are the average population inbreeding in the
previous generation and the coancestry coefficient between
the ith male and the jth female, and &F is the maximum
additive increase in inbreeding allowed per generation. We
used an additive increase in F as the restriction because we
wanted a criterion that was simple and did not depend on
the changes in inbreeding in the previous generations. Thus,
mate selection maximized the expected response while re-
specting some reproductive restrictions (1 to 3) and a restric-
tion (4) on the inbreeding increase, and did it by using non-
random mating, a variable number of sires, and a variable
mating ratio. In all replicates, the solution matrix X was ob-
tained with linear programming computer programs that were
written in the computer center of the Instituto Nacional de
Investigaciones Agrarias (Madrid) following the algorithms
given by Land and Powell (1979).

The magnitude of the restriction on the inbreeding increase
was not constant throughout the experiment. In replicate 1
and in generations 1-4 of replicate 2, the limit value for 8F
was 0.03 per generation, which was fixed by using as reference
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the increase in F per generation that was predicted for the REF
line by the Robertson (1961) effective population number
expression. This value of 0.03 is higher than those typically
used in large populations of livestock, which are ~0.01 (Wray
and Goddard 1994), but was appropriate for a smaller and
intensively selected population as was used in this experiment.
From generation 5 of replicate 2, we changed our procedure
to fix the maximum F increase allowed in the OPT line, be-
cause in that generation the observed F in the REF line was not
only less than the average value predicted with the Robertson
(1961) expression, but even less than that observed in the
OPT line, which was respecting the restriction fixed on its F
increase. This can happen in practice, as a particular popula-
tion can be above or below its expected F value. To avoid this,
we first set up the random matings in the REF line, and
then calculated the expected F increase for these particular
matings. This value was used as a reference to fix the maximum
increase in F that was allowed in the OPT line in that genera-
tion. We kept using this new procedure in the rest of the
experiment (i.e., in generations 5 and 6 of replicate 2 and in
all of replicate 3). Thus, we made sure from that moment
thatthe OPT line had lower inbreeding than its corresponding
REF line.

Data analysis: We obtained two genetic evaluations for every
individual. The first, EBV1, was an animal-model BLUP based
on all the information available on every animal at the time
of making selection decisions, and included its phenotypic
value and that of its sibs and ancestors. It was used as a selection
criterion. The second, EBV2, was the BLUP evaluation used
in the final analysis of the results, and was obtained by using
all the information available at the end of the experiment,
which included all the individual’s descendants in addition
to the information used for EBV1. The genetic evaluations
for the OPT and REF lines in a given replicate of the experi-
ment were obtained with a single execution of the correspond-
ing program as both lines descended from the same set of
founders, and it was possible to include them in a single
genealogical file.

As the experiment advanced, we used more complete theoreti-
cal models and more recent computer programs to obtain
the EBV1s. In replicates 1 and 2 we used JAA, the univariate
BLUP program by Misztal and Gianola (1987), and in repli-
cate 3 we obtained these EBV1s with DFREML(UNI), the
univariate version of the derivative-free program for BLUP
genetic evaluation and variance component estimation by
Meyer (1991, 1993). This was also used to obtain the EBV2s
in all replicates.

We obtained additional estimates for the EBV2 and variance
components using a Bayesian approach. There are multiple
advantages to this approach: use of prior information (when
available), elimination of nuisance parameters, exact finite
sample analyisis and integrated estimation, prediction, and
decision (Gianola et al. 1989). Markov chain Monte Carlo
methods such as Gibbs sampling allow us to draw Bayesian
inferences about genetic parameters and responses (Wang
et al. 1994). The MTGSAM set of programs by Van Tassell
and Van Vleck (1996) accomplished Gibbs sampling analysis
for multitrait models. In our case the model included pupa
length and fecundity. We assumed flat prior distributions for
fixed effects and normal distributions for all random effects
in the model, including residuals. For the genetic effects it is
additionally assumed that there is a known covariance struc-
ture corresponding to the numerator relationship matrix. Fi-
nally, we also assigned flat prior distributions for all (co)vari-
ance components. The Gibbs sampler was run once for every
replicate in the experiment, with 500,000 iterations in each
run, the first 2000 iterations being discarded (“burn in”). As
a consequence of the use of conditional probabilities in each

step of Markov chains, there is an autocorrelation between
their successive elements, so that an original chain can be
reduced to a shorter one having lower autocorrelation without
loss of information. We saved a sample of the parameters of
interest every 500 iterations, so that we had 1000 saved samples
per replicate. We obtained Gibbs samples for (co)variance
components, breeding values, and inbreeding depression ef-
fects for both characters, while samples for the slope of the
regression of the mean EBV on generation number were ob-
tained for pupa length only.

A summary of the computer programs and theoretical models
used in the data analysis can be seen in Table 1. We used a
heritability of 0.3 for pupa length in the analyses made in
replicate 1 with JAA. The programs DFREML and MTGSAM
use the actual data set to estimate the parameters required to
obtain the genetic evaluations.

The theoretical model used for the data analysis included
the effect of generation and, as long as the data reflect the
true genetic situation, they allow us to separate realized genetic
changes from environmental changes between generations
within a selection line. In any case the aim of the experiment
was to compare the OPT and REF selection lines; the genera-
tion environmental effects would not affect the comparison,
because the OPT and REF lines in the same replicate were
maintained simultaneously and therefore shared these effects.

We measured the effect of mate selection on response as the
difference in phenotypic response between the OPT and REF
lines. We used the expression given by Aggrey et al. (1995) for
the expected variance of this difference between two selection
lines, which takes into account both drift variance and mea-
surement error,

2_2;.%t+ 4 [2

Sg =

Bbn ;1 o 1o }
N L@t gyl EETT h/Z)}’

where o3 is the additive variance, N, the effective population
size, which was calculated taking into account the different
numbers of male and female parents, t is the number of
generations, p,, is the proportion of males selected, a the
number of females scored for every male, B the number of
females selected for every male, h? the trait’s heritability, and
c2 the environmental correlation between full sibs. We used
the estimated variance for environmental vial effects as the
environmental covariance between full sibs. However, this ex-
pression is but an approximation that does not take into ac-
count all the effects of directional selection on genetic vari-
ance (Aggrey et al. 1995). To complement this test and to
obtain a more empirical value for the standard deviation of
selection response, we also carried out 100 runs of a computer
simulation of selection lines with the features of the REF lines
in our experiment.

We studied nonrandom mating in the selection lines by means
of Wright’s F statistics (Wright 1969),

(1 -Fp =0 —-F@ - Fg),

where F; is the average inbreeding of animals born in a given
generation and was calculated with the genealogical informa-
tion, Fsr is the average coancestry coefficient between the sires
and dams of all possible mates and provides a measure of the
contribution of limited population size to inbreeding, and Fs
measures that of nonrandom mating.

In addition to inbreeding coefficients, we used methods based
on the genetic contributions from founders and probabilities
of gene loss to study the maintenance of genetic variability in
the experiment. First, we calculated the “number of founder
equivalents” (Lacy 1989), which is a measure of the bal-
ancedness of the contributions from the different founders,
i.e., the 64 males and 64 females used to start every replicate,
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TABLE 1
Statistical models and computer programs used in the data analysis

Replicate 3

Replicate 2

Replicate 1

XiB1 + X2 + XaBs + ZS + Z,p + €

y:

y = X3 + XoB, + Z;s + e

y=X1[51+le+e

EBV1 model

CP

DFREML(UNI) v2.1
XiBi + XoPs + XoPs + 15 + Zp + €

JAA

X1 + Xof + XsPBs + 25 + Zp + €

JAA

y=XB1+ XoB, + Xss +ZS+ Z,p+ e

y:

y:

EBV2 model

CP

MTGSAM

MTGSAM

MTGSAM

The matrix y contains the phenotypic measures, the X’s are design matrices, the p’s, vectors of fixed effects, with subindices 1 for the effect of sex (not considered for

fecundity), 2 for the effects of the generation number, and 3 for the inbreeding depression covariable; s is the vector of breeding values, p is a vector of random environmental
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vial effects, Z;, and Z, are their corresponding design matrices, and e is the error vector. See the text for information about the computer programs. CP, computer programs.

M+F
fo=1/> ¢t
i=1
where M and F are the numbers of male and female founders
and ¢; is the total contribution of founder i to the gene pool
of the population or the probability that a gene randomly
sampled in this population originates from founder i. It was
calculated as

N
G = E(aij/N),
j=1

where a(i,j) is the additive relationship coefficient between
the founder i and the current animal j and N the number of
animals of the current population (X ¢; = 1). The sum of ¢}
can be calculated in every generation, and after several genera-
tions, the distribution of ¢ stabilizes, and then the sum of ¢?
predicts the asymptotic rate of inbreeding as AF = (¥,) X ¢?
(Wray and Thompson 1990; Woolliams and Thompson
1994). We observed this stabilization at the end of our experi-
ment, and used the sum of ¢Z in the last generation to calculate
the asymptotic rate of inbreeding.

40 Rep.1

Response
- “\
i
/
®

Response

Cumulated selection differential

Figure 1.—Phenotypic selection response and phenotypic
cumulated selection differentials for pupa length in mlu in
the OPT (continuous) and REF (broken) selection lines.
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We calculated also a direct measure of the amount of genetic
variability remaining in each line at the end of the experiment.
This was the “founder genome equivalent” (Lacy 1989),

M+F

fy =1/ (ci/n),

i=1
where r; is the probability of a given gene from founder i to
be retained in the population of descendants. It was calculated
with the gene drop computer simulation technique (Mac-
Cluer et al. 1986), which simulates the transmission of a gene
from every founder parent through the genealogy, assuming
that the probability of a parent’s gene being transmitted to a
descendant is 50%. The value of r; is taken as the proportion
of runs in which the gene is present in the descendants’ gener-
ation. The founder genome equivalent may be defined as the
number of equally contributing founders, with no random
loss of founder alleles in the offspring, that would be expected
to produce the same genetic diversity as in the population
under study. In contrast with the founder equivalent, it takes
into account the effect of genetic drift and population bottle-
necks on gene loss (Lacy 1989).

RESULTS

Selection pressure and inbreeding: The OPT lines
showed increases in phenotypic selection differential of
7.9, 11.9, and 12.4% over the corresponding REF lines
in replicates 1, 2, and 3, respectively (Figure 1). The
increases of EBV2 selection differential were 28.4, 31.0,
and 9.0% in the same replicates. A Wilcoxon signed rank
test comparing the phenotypic selection differentials
applied in the OPT and REF lines in every replicate
and generation found a significant advantage for the
OPT lines (18 observations, S = 44.5, P < 0.027, one-
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tailed test). This increase in selection pressure was ac-
companied by a relative reduction in inbreeding (Figure
2). The restriction on average inbreeding coefficient
resulted also in more homogeneous inbreeding coeffi-
cientsin the OPT line (Figure 2). Reducing the variance
in F is very desirable in practice, because the number
of highly inbred individuals is also reduced.

A summary of the MTGSAM-estimated parameters
can be seen in Table 2. All the results obtained with
the DFREML analysis were very similar to those found
with MTGSAM, so that they are not shown. The herita-
bility estimates were in accordance with published values
for fecundity (Rose and Charlesworth 1981) and
body size (Coyne and Beecham 1989) in this species.
The estimates for the genetic correlation between pupa
length and female fecundity were negative, in contrast
with the positive values obtained in other experiments
(Robertson 1957; Mackay 1985). It is expected, how-
ever, that estimates of fitness and its resolution into
components depend heavily on the experimental condi-
tions of measurement (Mackay 1985).

The significantly increased selection differentials in
the OPT lines would result in increased responses in
pupa length, which had a medium to high heritability
in our population, and in fact the average pupa size
was greater in the three OPT lines at the end of the
experiment (Figure 1). But given the limited size of the
experiment, it was difficult to detect as significant these
observed differences. We had, however, some evidence
of greater selection response in the OPT lines. First,
the Gibbs sampling analysis of selection response per

* * * * *

025 peprs 01 rep
x, S
_ |
0 0!
025 Rep.2* 0.1 Rep.2 *

Figure 2.—Inbreeding coef-
ficients. The continuous and
broken lines trace the mean
and standard deviation of in-
breeding coefficients in the
OPT and REF selection lines,
respectively. The generations
in which there was a significant

* * * *

(P < 0.05) difference between
means (t-test) or variances
(F-test) are marked with aster-
isks.

Generation
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TABLE 2

Gibbs sampling estimates (+ standard error in the
marginal posterior distribution)

Replicate 1 Replicate 2 Replicate 3
h2(1) 0.378 + 0.067 0.304 + 0.071 0.399 + 0.051
Ie —0.091 = 0.199 -0.312 = 0.213 -—0.403 = 0.199
h2(2) 0.265 *= 0.076 0.291 =+ 0.090 0.209 + 0.074
c2(1) 0.301 *= 0.027 0.289 = 0.030 0.229 = 0.019
c2(2) 0.007 = 0.010 0.007 =+ 0.008 0.024 + 0.025

Estimates of heritabilities (h?) and of ratios: variance of
vial effect/phenotypic variance (c2) for the characters’ pupa
length in micrometer length units (1) and fecundity as num-
ber of eggs laid (2), and genetic correlation (rg) between them.

generation found a significant advantage for the OPT
linesin replicates 1 and 2 (Figure 3). Second, the across-
replicates average difference in total phenotypic re-
sponse between OPT and REF lines (Table 3) was found
to be significant when compared with its expected stan-
dard deviation, as calculated with the Aggrey et al.
(1995) expression. This expected standard deviation
was 2.14 mlu, so that the average difference of 5.48
mlu would be equal to 2.56 standard deviations, and
therefore significantly greater than zero (P < 0.01) in
a one-sided test for a normal distribution. The standard
deviation of total response obtained with 100 simula-
tions resulted also in a significant difference between
the OPT and REF lines. It was equal to 2.86 mlu, so
that the expected standard deviation of the difference
between two means of three lines each would be 2.86 X
V%, = 2.34 mlu. This value was used to compare the
observed average difference of 5.48 mlu with zero in a
one-sided t-test (toy = 2.35, P < 0.025).

It is also possible to do a nonparametric test for the
basic result in this experiment: the three OPT lines
attained a higher average pupa length and a lower in-
breeding coefficient than their corresponding REF
lines. Under the null hypothesis of no effect of mate
selection, the probability of an OPT line being above
its corresponding REF line in pupa length would be
0.5, and that of being below it in inbreeding would also
be 0.5. Assuming that the results for both variables are
independent, the probability of obtaining such a result
at random would be (0.5)® = 0.0156. In fact these two
variables were not independent in our experiment, as
there was a positive correlation between them. Within
treatments, the lines and generations with more re-
sponse tended to have more inbreeding, and therefore
the described test would be conservative.

Mate selection effects on mating structure: The differ-
ent mating schemes used in the OPT and REF lines
caused differences in their total number of male parents
and family size variance. These differences can be seen
in Figure 4, in which the last generation of selection is

G J L
: Rep. 1

Posterior density

Posterior density

0.54 0.81 1.08

Posterior density

f i ft
-0.49 0.41 1.29

Difference in slope

Figure 3.—Gibbs sampling analysis of selection response.
Represented are the Gibbs sampling marginal posterior distri-
butions of the difference between the slopes of the regression
of pupa length average EBV2 in mlu on generation number
in the OPT and REF lines. In the horizontal axis are the
distribution mean and the two values defining the 95% highest
posterior density intervals. These values mark a 95% two-tailed
confidence interval for the mean.

given as an example. The differences were smaller in
the first generations of the experiment, because there
were still few related individuals in them, and the best
evaluated ones tended to be selected in both lines. The
resulting genealogical structures could have resulted in
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TABLE 3

Cumulated selection response in mlu in generation 6

Replicate
Average
1 2 3 difference

Phenotypic response
OPT 20.26  26.07 33.36

5.48
REF 13.79 19.14 30.32
EBV2 response
OPT 29.25 2099 29.49

5.11
REF 2292 1510 26.38

differences in the accuracy of BLUP genetic evaluations,
and therefore in selection response. The Gibbs sam-
pling produces a complete set of genetic evaluations
for all the genealogies in every iteration, and thus we had
a posterior distribution of estimated breeding values for
every individual in the experiment. We used the within-
individual variance in EBV1 as a measure of the preci-
sion of its genetic evaluation. We compared the average
of these variances between lines by generation with
F-tests, but found no consistent advantages for any line.
However, in the F-tests that were significant, the OPT
lines had a disadvantage in precision more often than
the reverse (not shown).

The analysis of nonrandom mating revealed that
there was some avoidance of mating between relatives
in the OPT lines, as the Fs were always negative in
them (Figure 5). The Fs; for these lines were higher in
replicates 1 and 2, but this could be due to their smaller
average census number. On average along the experi-
ment, the census numbers in the OPT lines were 85,
96, and 97% of that in the REF lines in replicates 1, 2,
and 3. The relative reduction in census in replicate 1
was greater than the increase in Fsr (0.85 X 1.09 =
0.93), and the reverse happened in replicate 2 (0.96 X
1.07 = 1.03).

The reduction in census number in the OPT lines
could be related to a negative genetic correlation be-
tween pupa length and fecundity (Table 2) and also to
the negative genetic correlation between body size and
larval viability found by Partridge and Fowler (1993)
in this species. If the OPT lines had greater increases in
pupa length, they would have suffered stronger negative
correlated responses in fecundity and viability, thus fail-
ing more often to produce the required number of
adult descendants from the selected individuals.

The observed avoidance of mating between relatives
did not clearly result in disassortative mating in the OPT
lines. We detected some significant mate correlations,
positive and negative, for the EBV2 in both OPT and
REF lines, but the between-line differences in correla-
tion were not consistent among generations (Figure 5).
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Figure 4.—Male contributions in offspring in generation
6. The contribution by every selected male in the OPT ()
and REF (O) lines is expressed as a percentage W of the total
number of descendants. The males are ordered according to
their EBV1 ranking position, from the highest evaluation (1)
to the lowest (32).

Inbreeding depression: The effect of inbreeding on
fecundity was negative for the three replicates (Figure
6). There was an average reduction of 0.31 eggs laid
(0.96% of the mean) with every 1% increase in F, and
this indicates that the OPT lines, which had less inbreed-
ing, also had less inbreeding depression. However, this
reduction in inbreeding depression was not enough to
compensate for the negative correlated responses in
fecundity and viability to the selection applied on pupa
length, and as seen above, the census number in the
OPT line was on average somewhat lower than in the
REF line.

The results for pupa length were more unexpected,
as the effect of the inbreeding coefficient on this trait
was negative and significant in replicate 3, but positive
and nonsignificant in replicates 1 and 2 (Figure 5). On
average we estimated a 0.01% increase in pupa length
with every 1% increase in F. Positive effects of inbreed-
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ing on pupa size have also been found in Tribolium
(Groen et al. 1995a). We have no explanation for these
apparent differences between replicates. It is known
that the use of genealogical information does introduce
biases in the estimation of the inbreeding depression
in characters under selection (Burrow 1993; Groen
et al. 1995b), so that our inbreeding depression mea-
sures for pupa length are less reliable than those ob-
tained for fecundity. However, it is not obvious to us
how different biases could have been introduced in
replicate 3 than in replicates 1 and 2. Perhaps the fact
that replicate 3 had a different treatment of egg laying
and a different theoretical model for its analysis, or that
it had a lower final inbreeding coefficient (Figure 2),
could be relevant for the introduction of some differen-
tial bias between replicates. In any case, the OPT lines’
advantage in pupa length cannot be explained by a
lesser inbreeding depression caused by their lower in-
breeding coefficients, as the estimates of the effect of
inbreeding on the character were positive in replicates
1 and 2.

Pedigree analysis and long-term genetic variability ex-
pectations: Mate selection could be considered as a
method to optimize artificial selection in the short term,
as all the restrictions considered in it refer only to the
next generation (De Boer and Van Arendonk 1994).
However, it is known that often most gene losses in a
population occur in the first generations of selection,
so that the maintenance of genetic variability is not a
long-term issue only, and it makes sense to study the
effect of selection decisions taken at the beginning of

Rep.1
* *
TN e 'T.\\\/
jc *
Figure 5.—Measures of the
degree of nonrandom mating
Rep.2 in OPT (continuous) and REF
* P- . * * % (discontinuous) selection lines.

(A) Wright’s F-statistics. Repre-
sented are Fs (boldface lines)
and Fsr values. (B) Correla-
tion in EBV2 between mating
males and females. The aster-
isks mark correlations signifi-
cantly (P < 0.05) different from
zero in REF (bottom row of
% asterisks) and OPT lines (top
row of asterisks).

the selection plan (Verrier et al. 1994). In accordance
with this, we found that the distribution of genetic con-
tributions from founders, measured as the number of
founder equivalents, stabilized in the last generations
of the experiment (Table 4). Asexplained in materials
and methods, this stabilization made it possible to use
the genetic contributions from founders observed in
generation 6 to calculate the asymptotic rates of in-
breeding. These were very similar for the OPT and REF
lines, and there was even an overall advantage for the
OPT lines (Table 5). In the case of the OPT lines,
the asymptotic rates of inbreeding should be taken as
measures of the amount of genetic variability remaining
at the end of the experiment, instead of true predictions
of their long-term behavior, because the Wray and
Thompson (1990) method to calculate them assumes
random mating, and of course, there was no random
mating in the OPT lines.

The advantage found for the OPT lines was reversed
in the next measure of genetic variability, the founder
genome equivalent (Table 5). This difference in results
could be explained by the OPT lines’ average inferiority
in census number, because, as seen in materials and
methods, the founder genome equivalent is sensitive
to population bottlenecks. However, on average the
founder genome equivalent of the OPT lines was less
reduced than their census number, and perhaps this
could be taken as a sign of better management of genetic
variability in the OPT lines. Finally, the population aver-
age coancestry at the end of the experiment was overall
very similar in both kinds of line. Thus, when taking all
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measurements together, there was no clear evidence of
a worse long-term management of genetic variability by
mate selection.

DISCUSSION

The experiment showed that it is possible to improve
the design of artificial selection schemes, as the mate-

selected lines had at the same time an increased selec-
tion differential and a reduced rate of inbreeding. The
advantages of reducing inbreeding refer not only to a
better use of the genetic variability available in the base
population and to a reduced inbreeding depression in
the selected trait, but also to a reduced depression of
fitness-related traits, which may be at present the most
serious drawback of the increase in inbreeding in do-
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TABLE 4

Number of founder equivalents by generation

Generation
Replicate Line 0 1 3 4 5 6
1 OPT 120 17.19 12.56 10.81 10.15 10.38 10.48
REF 120 11.83 10.74 10.65 10.63 10.78 10.85
2 OPT 106 16.35 10.53 9.87 10.39 10.62 10.71
REF 106 13.26 13.12 10.85 10.17 8.39 8.22
3 OPT 112 21.73 16.01 15.55 15.26 14.96 15.20
REF 112 19.15 16.04 13.21 14.43 14.61 14.31

mestic populations (Meuwissen and Wool liams 1994;
Brisbane and Gibson 1995). These fitness-related traits
are not often subjected to direct selection due to their
low heritability, but have nevertheless great economic
importance.

In our results, most of the OPT lines’ reduction in
inbreeding was obtained in the first generation of selec-
tion by avoiding sib mating. In the remaining genera-
tions, mate selection maintained the inbreeding differ-
ence while increasing the selection differential in the
OPT lines. But this situation was a by-product of the
mate selection ability to obtain a considerable lag in
inbreeding coefficient at the start of the experiment,
rather than an intrinsic incapacity to control inbreeding

TABLE 5

Measures of the genetic variability remaining in
generation 6

Replicate
Average
1 2 3 ratio®

Asymptotic rate of inbreeding
OPT 0.024 0.023 0.016

0.900
REF 0.023 0.030 0.018
Founder genome equivalent
OPT 3989 3530 5.731

0.951
REF 4294 4135 5350
Average coancestry’
OPT 0.195 0.228 0.134

1.009
REF 0.180 0.221 0.147
Average inbreeding®
OPT 0.184 0.192 0.095

0.806
REF 0.194 0221 0.158

aThe across-generations average of ratios: OPT line values/
REF line values.

®The population average coancestry between males and fe-
males.

‘The average inbreeding coefficient in each line in genera-
tion 6 is given for comparison.

in later generations. For example, the OPT line had
lost its initial advantage in inbreeding in generation 3
of replicate 2 and had a higher F than the REF line,
for reasons explained above. In that situation, mate
selection made it possible to increase the emphasis put
on inbreeding, and still obtain a higher cumulated selec-
tion differential and a lower F in the last generation of
this replicate. Thus, mate selection could generate an
advantage in selection and inbreeding in generations
different from the initial one. This highlights the ability
of mate selection to trade to some extent selection dif-
ferential for inbreeding coefficient, while producing a
final result that is better in both respects than a conven-
tional selection line. It is flexible also in applicability,
and depending on the restrictions involved, it could be
used to optimize a selection scheme either hierarchical
or factorial, with a variable number of males, females, or
offspring per mating, or with overlapping generations.
Furthermore, different restrictions can be used in differ-
ent generations or years (Toro et al. 1991).

The improved management of inbreeding depression
provided by mate selection could permit reductions in
census number in a selection nucleus in which very
complicated or expensive selection criteria are mea-
sured. It could also be useful for the genetic conserva-
tion of rare breeds or species. Templeton and Read
(1984) proposed applying artificial selection on fitness-
related traits in small populations, to eliminate deleteri-
ous recessive genes and thus reduce the inbreeding
depression. This selection should be accompanied by a
restriction on the inbreeding rate, because too rapid
increases in inbreeding could result in the loss of the
population. Mate selection would be a good method to
implement these conservation plans, as it enables con-
trol of the relative weight given to selection and inbreed-
ing in every generation.

Among the optimizing methods of artificial selection
that have been proposed to date, mate selection is the
most short-term one, because it is the only method con-
trolling simultaneously the selection and mating pro-
cesses, and thus makes it possible to exert maximum
control on the next generation results. Mate selection
does not directly control the selection results beyond
the next generation, but we found that its long-term
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maintenance of genetic variability is not clearly worse
than in a standard selection line, and concluded that
it does not minimize the short-term inbreeding depres-
sion at the expense of long-term genetic variability. This
result is consistent with that found by Toroetal. (1988b)
in a computer simulation study using phenotypic selec-
tion, in which the mate selection lines had less inbreed-
ing than the standard, randomly mated selection lines
after 30 generations.

In any case, a general comparison of the different
methods proposed to optimize the long-term results of
selection plans is still lacking, even under computer
simulation. This comparison could be difficult to carry
out, because its results could depend on the particular
selection scheme, the genetic model and parameters
assumed, the time horizon objective, and the possible
future use of the selected lines in crosses (Quinton
and Smith 1995; Caballero et al. 1996). In addition,
new methods might be developed in the future. For
example, it would be possible to use simultaneously
restrictions on the inbreeding in the next generation
and on some prediction of the expected amount of
genetic variability after t generations (as those described
in Woolliams and Thompson 1994; Wray et al. 1994;
Santiago and Caballero 1995). This would combine
the short-term minimization of inbreeding depression
provided by mate selection with a more direct long-
term control of genetic variability (Wray and Goddard
1994). These two kinds of restrictions are not intrinsi-
cally antagonistic, and depending on the relative weight
given to each, the emphasis on short- or long-term re-
sults could be varied. Perhaps the main difficulty in
developing such a method lies in the combination of
the nonrandom mating that is used in mate selection
and the prediction of the properties of the population
in future generations, because, as explained above, the
present-day methods used to make these predictions
assume random mating or some rather restricted cir-
cumstances.

We conclude that the efficiency of artificial selection
plans can be improved, and that the advantages ob-
tained by doing so may be big enough to be detected
in rather small selected populations. However, no de-
finitive general method seems to have been proposed
up to date, and this remains a promising area of research
that might provide many tangible benefits in animal
and plant breeding.
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